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Carcinogenicity
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A datbase contaning q live and qu e Of Arlmenl in tbe fikofgenniyand car-
cinogenicity has boee deped. By a zg resultofthesde performed by the U.& Natonullsckgy Program,
or by a simia program develped inapn, orrepretdinthesentc l e, amsull perfmonedbg priat oag
dons, Infomation hasbo e d reling o3389 chmcls, Ideried by their CAS number. Th studies consdered
for the database Indude three gnotkicty/mug dty short-term test (STl), namely, twoin Wtv (Samonella, gene
muation amy, andmu mmaliacelsh/man cy roosome abe r amy) and onein Wvo, the rodent bone
murewmoceuns asy. lb ipte thepome value ofthoe SITa forr n therut
ofannalllong-term ayse so beencolected. V*haere-evauatedan thegenety sesand the majori-
tyofthose casestudied In diferent labotoris con resultshasbeen resolved; a pro orn ques-
tionable cases is, however, stil present in the da e. In total, 289 (85S%) of the che ahave been tested in the
Salmonella amy; 399(413%) have beept In the in vit caberdon amy; 319 (9A%) hae been tested
in the in Wwo rodent bon nawel mi rmkclensI ay; 71 (2L2%) ofthechenulcaw bhaeenested In theix WsoIanial
long-term biosy. For 1lll ch as tested in the Salmn a , 30,650 qustudies have been Included in
thed thus alowing a possble la n ofmut i ding tother mutagenic potency. One
thousn nnebnddchb (5.1%) vesbown positivernts hi at leone ofthe fourd ass, thus leaving
1$89 chemical (43.9%) with neptive result
By ng the oat betweengsy,siown by the thrme STIscondered, and n w have

demonstrated that the podtive peitivity nreas to a value of 95.6% if the three ST1b are conidered together (two
Ui itrv and oneix wvoSTIT); sibmiry, the negAivep reichtivity risestoavalueof89.6% with the sam three assys. The
accuracy, or the dance, ofthe SIT sand the cacin_!--t resuts was92.5% for the threeSM Abough
the results colected are of high interest for sdentific and practil actons, the aim of the present study is to prepare a
genotoodcity/cardnogenicity database for a further quantitat scture-activity relationship (QSAR) study based on
a computer cbemistry analysis.

Introduction
The assessment ofgenotoxic effects ofchemicals may be per-

formed by means of a series of assays based on a variety of
biologic test systems. In vitro and in vivo assays are available to
detect either one ofthree major types of irreversible damage in
genetic material, namely, gene mutation, chromosomal aberra-
tion, and DNA damage and repair. The induction of such
genotoxic effects is indicative also ofpotential carcinogenicity
of at least one large class ofchemicals (genotoxic carcinogens);
also short-term tests (STTs) are extensively performed for
screening large numbers ofchemical substances to identify those
chemicals that should have priority for long-term in vivo studies
needed for carcinogenicity assessment. However, the choice of
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genetic end points or the choice ofbiologic systems, and/or the
combinations ofend points and systems that might be more ade-
quate for disishing carcinogens from noncarcinogens is still
a matter ofdebate, and diffent tiered testing approaches ofSUT
batteries are suggested for assessing potential carcinogenicity of
chemical substances.

In the current practice, such assessment relies on qualitative
xammination ofresponses obained in a number of tests, which are
generally selected by experts on a case-by-case basis and are not
necessarily the same tests. This strategy, as it stands, is not devoid
ofsome degree ofsubjectivity and might lead to some differences
in predictions of carcinogenicity of the same chemicals. The
strategy would be more efficient if quantification of the de-
pendence ofcarcinogenicity from STT genotoxicity data were
available.

In the context of evaluating chemical substances, the need for
relying on predictive methodologies is generally agreed upon.
At present such methodologies are used on a qualitative basis for
predicting a number oftoxic end points. The rationale for these
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predictions basically stands on the experience that a) there are
correlations between the structure ofthe molecules and their pro-
perties, including biologic activities and toxic effects and b) there
are toxic effects that are correlated to other toxic effects. This
strategy would be more efficient if quantification of these cor-
relations could be made; in other words, ifmathematical models
could be developed to define the dependence ofa given toxic ef-
fect from either the molecular structure (referred to as quan-
titative structure-activity relationship, QSAR) or other toxic ef-
fects (referred to as quantitative activity-activity relationship,
QAAR). These two approaches are complementary to each
other, especially in the area of genotoxicity. Whereas single
genotoxic end points, or a combination ofthem, may be modeled
by QSAR, carcinogenicity may tentatively be modeled by
QAAR, under the assumption that carcinogenic activity may be
predicted on the basis of responses obtained in suitable combina-
tion of mutagenicity data.
Computer modeling oftoxicity is a suggestive task, though not

a simple one. It is not difficult to compile data tables, run them
through some computer packages, and end up with a model, but
criteria used in the compilation of data, the quality of the data,
and the method ofdata analysis can hide weaknesses, sometimes
difficult to perceive, that may render the predictive power ofthe
model questionable.
To make toxicity models acceptable substitutes of toxicity

testing many things are requested. These include proper use of
the state of the art in a number ofbranches of the disciplines in-
volved (chemistry, toxicology, and statistics) and adequate data.
Toxicity of chemicals is related to complex phenomena so that
fundamental models based on ab initio calculations are, at pre-
sent, inadequate. Vice versa, statistical models based on the prin-
ciple ofanalogy such as QSARs may work. A number ofcondi-
tions must, however, be met by the database, and the data analytic
method must also be used. One ofthe most important conditions
to take into account is the quality ofthe data used in the analysis.
The relevance ofthe present studies on the QSAR resides also

on several other factors: a) the need for different government
agencies such as the U.S. EPA to define the toxicologic studies
to be carried out on the new chemical substances and to be noti-
fied under the Toxic Substances Control Act (TSCA) legislation;
b) the need to predict with high probability the toxicologic hazard
of those numerous substances present on the market for which
there might be an emergency faced by public authorities; c) the
need to know how many studies are requested for defining the
hazard related to an unknown chemical substance; d) the need
to identify the toxicological mechanism by which a great number
of substances produce different types of biological adverse ef-
fects; and e) the need to provide the public with more realistic
conclusions on the benefit-risk evaluation for a given chemical
substance of large use.
The QSAR studies are particularly interesting in the field of

mutagenesis and carcinogenesis due to their partial overlapping
and the irreversible nature of their biological implications. For
a long time attempts have been made to employ the mutagenici-
ty short-term studies to predict the carcinogenic potential activity
of the chemical substances, not only for biological considera-
tions, but also for economic reasons, ifone considers the cost of
the long-term studies.

According to the International Agency for Research on Cancer
of Lyon (IARC-WHO), in 1990 there were 732 chemical sub-

stances that had been tested for carcinogenicity through adequate
studies on animals: 85% ofthem have proven to be carcinogenic.
In contrast, the literature reports that almost 10,000 chemical
substances have been tested for mutagenicity. For this reason it
is quite simple to understand why mutagenicity studies (most of
them using in vitro methodologies) have been and are being car-
ried out and why the results are used to develop mathematical
models to predict the potential carcinogenic activity ofmutagenic
molecules. For molecules ofnew chemicals such studies attempt
to assess toxicological potential.
On the basis of independent systems that make use of the

chemical structure of substances, the presence of structural
genotoxic alert fragments, or computerized evaluation systems,
such as CASE, COMPACT, etc., several researchers have de-
veloped a prediction hypothesis on the possible different results
that might be produced by the long-term carcinogenicity studies
currently carried out on 44 chemical substances by the National
Toxicology Program (1-4).
Our objective is to develop a predictive model for genotoxicity.

In the present paper we have assumed as a basis of this objective
the collection and the evaluation of at least two series of testing
procedures recognized as indicative ofthe genotoxicity property
of a chemical. These two methodologies are represented by a)
the Salmonella typhimurium reverse mutation assay for analyz-
ing the ability to induce molecular (gene) mutations in the genetic
material and b) the chromosome aberration-mammalian cell
growth in vitro assay for analyzing the ability to induce structural
(chromosomal) mutations in the genetic material that is or-
ganized in chromosomes in the cell nucleus. These two meth-
odologies, on the basis oftheir experimental procedures, repre-
sent the most suitable technical approach to maxiiize the cell ex-
posure to a chemical solution, which is a basic condition for a
chemical to enter into a cell structure and to react with theDNA
(genetic) material, if it is a genotoxic agent.
Ashby (5) stated, on the basis of experimental data, that the

genotoxicity of a chemical can be adequately defined using a

SALMONELLA CYTOGENETICS
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GENOTOXI NCARCIENIMUTAGEN T

FIGURE 1. Proposed genotoxicity short-term tests tiered scheme for predicting
carcinogenic effect.
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combination of the Salmonella mutation assay and one for the
assessment ofchromosome aberrations in vitro. The indication
that a chemical is positive in these two in vitro assays clearly
defines what is today known as an "in vitro genotoxin." Because
it has be shown that not all in vitro genotoxins are carcinogenic
to mammals, it has been recommended that all newly discovered
in vitro genotoxins should be assessed in vio using very few ad-
ditional tests (Fig. 1). The experimental data have shown clear-
ly the weight of evidence resulting from the application of two
very simple in vitro genotoxicity assays in the evaluation of the
mutagenic potential of the chemicals. Our conclusion is that
these types of assays could well represent the basis for the cor-
rect classification ofa "genotoxin" and that these data should be
used for discriminating a mathematical model for predicting
genotoxicity of chemical substances.

In addition to collecting available data, in this preliminary
analysis we have alsomadean attempt to define thepossible cor-
relations existing between in vitro STT results obtained with the
two tests mentioned aboveand in vivo results byapplying thepre-
vious hypothesis (5). For the in vivo test, we have chosen the ro-

dentbone marrow micronucleus assay because considerable data
existthatmaketheevaluationofthesecorrelationspossible. More-
over, the collectionofresults derived from long-termcarcinogenic
tests performed on chemicals has allowed us to make an attempt
to investigatethepredictive value oftheSTTs forcarcinogenicity.

Materials
A database for a QSAR study includes a number ofchemical

substances and, foreach ofthem, anumberofnumerical descrip-
tors ofthe molecular structure (x-data) andanumberofmeasured
biological responses (y-data). Geneticists are awareofthe fact that
a single genetic end point is insufficient to evidentiate the geno-
toxic profileofachemicalbecause a variety ofgenetic toxic effects
and impairments ofgenetic material processes may lead to an ir-
reversible change in the genetic structure ofan organism.
The literature provides material for our present analysis that

could not always be used for developing a model. The data
reported in the literature, when these three assays have been used
(this applies also to other genotoxicity assays) are extremely
variable for a number ofreasons: a) the data are presented only
graphically; b) different protocols have been used; c) a max-
imum dose for the analysis has not always been applied, especial-
ly in the negative results; d) a replication ofthe experiment is not
present in many studies; e) positive and negative controls rare-
ly have been reported; andJ) criteria for defining a positive series
ofresults are different in different laboratories. For these reasons
we have proceeded to a particular selection ofthe data to be used
in the present study.
From the analysis of literature data, we have selected sets of

studies for their intrinsic homogeneity. These sets of data are:

1. The National Toxicology Program (NTP) developed by the
U.S. Department of Health and Human Services as a
cooperative effort to strengthen and coordinate esearch and
testing on toxic chemicals, established in 1978 Reports con-
tining the results of all studies conducted by the NTP have
been published (6-12). The quantitative results ofthe NTP-
developed ST1h have been reported in the literature (13-22).
In its Cellular and Genetic Toxicology Program, the NTP
is involved in development, improvement, and validation of
STTs for mutagens and carcinogens, using STTs to detect
and characterize chemicals that may pose carcinogenic or

genetic risks to humans. The NTP is focused on develop-
ing and validating in vitro and in vio systems for determin-
ing the genotoxicity ofchemicals. In the Annual Plan ofthe
fiscal year 1988 (11), the NTP reports that "testing with
Salmonella strains has been completed on a total of 1566
samples and 1190 unique chemicals since the initiation of
the testing program."
The NTP has developed a database of STT results,

created by using chemicals tested for carcinogenicity by the
National Cancer Institute and the NTP. This database
allows for the evaluation ofthe Salmonella assay and several
other STTs with respect to their ability to predict car-
cinogenesis or other short-term assay results. Although no
assay can detect all carcinogens, in this database a positive
result in Salnoella was a better predictor ofcarcinogenicity
in rodents than a positive result in other assays. The
Salmonella assay differed markedly in its response to
chemicals ofdifferent classes.
Chemicals that are carcinogenic only in rats or mice were

tested to determine to what extent their mutagenicity
depends on the mouse or rat S-9 activation system. There
does not appear to be any correlation between the species
specificity of the carcinogens and the rodent liver S-9 re-
quirements for mutagenicity. This finding has implications
for the use of mutagenicity results for predicting car-
cinogenicity. A similar testing pgram, although not at the
same level ofquantitative development, is conducted under
NTP on the evaluation ofthe cytogenetic damage induced
in mammalian cells in vitro.

2. The Institute for Future Technology, Japan, Cooperative
Program on Long-Term Assays for Carcinogenicity (23).
This progrm includes data on Salmonella, as well on mam-
malian cells for chromosome aberration. The Salmonella
data have been originated in several laboratories; the in vitro
chromosome aberration results have been originated in only
one laboratory and they have been reported in publications
by Ishidate in 1983 (24) and in 1988 (25).

3. Other Salmonella results or chromosomal aberration re-
sults have been collected from selected papers in the scien-
tific literature (26-33).

4. The data on the micronucleus assay have been collected
from either a paper by Ishidate et al. (26), from Hayashi et
al. (32), or from private studies.

From the available results, we have collected the data for the
present analysis presented in Table 1. Several attempts were made
to classify the "questionable" mutagens or nonmutagens by
reanalyzing the experimental data to draw our conclusion. In
several cases our conclusion was definitive for the classification
ofa chemical based on a more critical review ofthe available data.

Able 1. Data collected for analysis.
Category Number
Chemicals tested in Salmonella typhimurium for gene 2898

mutation
Chemicals tested in in vitro manunalian cells (animal 1399

tissue culture, Chinese hamster ovary, or human lym-
phocytes) for induction of chromosomal aberration

Chemicals tested in vivo in bone marrow cells for induc- 319
tion of micronuclei

Chemicals tested in Salmonella gene mutation and mam- 1053
malian cell chromosomal aberration

Chemicals tested in in vivo assays for assessment of car- 716
cinogenic potential

Total chemicals for which data were collected 3389
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Results and Discussion
The overall results are reported in Figure 2; for each type of

assay the numbers of chemicals classified positive, negative, or

questionable are reported. Among the chemicals tested in the two
in vtro STT (Salmonella and chromosome aberrations) the
database includes 1053 chemicals that have been tested in both
assays; for these chemcials, the results ofthe different combina-
tions are reported in Figure 3. Moreover, 270 chemicals have
been tested in the two in vitro STTs, as well in the in vivo rodent
bone marrow micronucleus test: that data are reported in Figure
4. One or both the in vitro Slms with negative results indicate a
chemical with a low probability (25-15%) ofproducing a positive
result in the in vio micronucleus test. This probability rises to
about 50% ifthe results from both the in vitro STh are positive
(Fig. 5).
When comparing the results observed in one single STT or in

a combination ofdirrerent STTs with those observed in the car-

cinogenicity study, their accuracy varies according to a specific
combination: the data ofsuch a calculation are reported in Table
2. The accuracy values observed when the results from Sal-
monella or chromosome aberrations are considered more than

60% as observed by other authors (18). The inclusion ofthe in
vivo micronucleus assay in a combination with the two STTs
allows the accuracy value to raise to more than 80%. The best
performance of the STTS for predicting the carcinogenicity is
that one observed when the two in vitro STTS (Salmonella and
chromosomal aberrations) are combined with the in vivo micro-
nucleus assay; in this case a 92.5% value ofthe accuracy has been
calculated (Fig. 6). In Thble 3 the positive and the negative
predictivity ofSTTs for carcinogenicity has been calculated and
reported.
The inclusion of an in vivo STT in a battery of genotoxicity

SiTs, such as the in vio rodent bone marrow cells micronucleus
assay, represents an improvement in the present strategy of us-
ing STTs to prescreen the potential carcinogenic compounds.
Specific data and results on this category ofchemical susbstances
will be reported elsewhere (N. Loprieno, in preparation).

CHEMICALS

WE

-yE

CHEMICALS TESTED
ON SALMONELLA
(gene mutatons)
(85.5%)

E 1,298 (44.8%)

1584 (54.7%)
16 ( 0.5%)

CHEMICALS TESTED
ON MAMMALIAN CELLS
(chromosome aberr.)

(41.3%)

(50.8%) 710 WE

(47.7%) 668 -VE

( 1.5%) 21 a

CHEMICALS TESTED
IN BOTH TESTS

FIGURE 3. In vitro genotoxicity data on chemicals. +VE, positive; -VE,
negative; Q questionable.

TOTAL No.
270

1 1 14
SALM +VE SALM +VE SALM -VE SALM -VE

CH.AB +VE CH.AB - VE CHAB +VE CH.AB - VE

MN -VE

51

(47.7%Y)

MN -VE

12

(75.0%)

MN -VE

57

(80.3%)

MN -VE

65

(85.5%)

FIGURE 2. Classification of 3389 chemicals included in the database.

FIGURE 4. Chemicals tested for mutagenicity/genotoxicity in two in vitro
assays and inone in viw assay (micronucleus). SALM, Salmonella; CH.AB,
chromosome aberrations; MN, micronucleus; +VE, positive; -VE,
negative.
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FIGURE 5. Prediction of in vitro and in vivo mutagens/carcinogens. SALM,
Salmonella; CH.AB, chromosome aberration; MN, micronucleus; Canc,
carcinogen; +VE, positive; -VE, negative.

Table 2. Accuracy of correct identification of chemicals.'
No. of chemicals tested for

carcinogenicity
Short-term test Total Correct Accuracy, %
Salmonella 544 373 68.6
Chromosome aberration 445 286 64.3
Micronucleus 163 115 70.6
Salmonella + chromosome 310 222 71.6

aberration
Salmonella + micronucleus 113 96 85.0
Chromosome aberration + 107 94 87.9

micronucleus
Salmonella, chromosome 93 86 92.5

aberration, and micronucleus
aAccuracy: with tested population of chemicals is the proportion of chemicals

correcdy identified as carcinogens or nonarcinogens by the test and is calculated:
number of correct test results/number of chemicals tested. Concordance: the
percentage ofqualitative agreements between short-term tests and rodents car-
cinogenicity test results (18).

In the present analysis we found 11 chemicals that were
classified negative in Salmonella and chromosome aberration
assays but positive in the in vivo micronucleus assay (Fig. 4).
These chemicals are reported in Table 4. Five chemicals out of
the 11 have been classified also as animal carcinogens. Our opin-
ion is that with these chemicals we are dealing with a specific
class of compounds, such as trichloroethylene, vincristine,
toluene, and chlorobenzene for which the mechanism of
genotoxicity could not be fully applied. We are at present collec-
ting more information on this class of chemicals.
The databases developed as reported in this paper represents

an adequate resource for developing quantitative structure-
activity relationships.

930.

70'

FIGURE 6. Accuracy of correct identification ofcarcinogenic/noncarcinogenic
chemicals. SALM, Salmonella; CH.AB, chromosome aberration, MN,
micronucleus.

Ihble 3 Predictivity of carcinogencity and noncarcinogenicity
of short-term tests.

Predictivity
Short-term test Positive, % Negative, %
Salmonella 63.9 (216/338) 76.2 (157/206)
Chromosome aberration 67.2 (178/265) 60.0 (108/180)
Micronucleus 56.8 (54/95) 89.7 (61/68)
Salmonella + chromosome 82.7 (129/156) 61.6 (93/151)

aberration
Salmonella + micronucleus 95.7 (44/46) 77.6 52/67
Chromosome aberration + 92.3 (48/52) 83.0 (46/55)
micronucleus

Salmonella, chromosome 95.6 (43/45) 89.6 (43/48)
aberration, and micronucleus

Ihble 4. Chemicals negative in the in vitro genotoxdcity test and positive in the micronucleus test.

Chromosome
Chemical CAS no. Ames aberration Micronucleus Cancer Species
Chlorobenzene 108-90-7 - - + + Rats
o-Dichlorobenzene 95-50-1 - - + + Rats, mice
p-Dichlorobenzene 106-46-7 - - + + Rats, mice
Isoxaben 82558-53-7 - - +
Toluene 108-88-3 - - + + Rats
1,3,5-Trichlorobenzene 108-70-3 - - +
1,2,4-Trichlorobenzene 120-82-1 - - +
1,2,3-Trichlorobenzene 87-61-6 - - +
Trichloroethylene 79-01-6 - - + + Rats, mice
Trimethoprim 738-70-5 - - +
Vincristine 57-22-7 - - +
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